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This  report  presents  detailed  studies  on  the  elemental  analysis,  vibrational  spectroscopy,  thermal  stability 
and  electrical  spectroscopy  of  two  new  hybrid  inorganic-organic  polymers  which  have  been  synthesised 
by  a  sol-gel  method  using  glycerol  and  zirconium(IV)butoxide  as  precursors.  These  materials  have  been 
doped  by  means  of  l-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide  (EMIm-TFSI)  ionic 
liquid  (IL),  which  is  insoluble  in  water.  The  elemental  composition  of  the  obtained  polymers  [ZhCeOsHn )] 
(1)  and  [Zr(Cn04H3i)]  (2)  has  been  determined  by  CHN  analysis  and  by  ICP-AES  measurements.  FT-IR 
and  FT-Raman  spectroscopy  investigations  have  been  performed  to  study  the  molecular  structure  of  the 
polymers  and  the  interactions  of  EMIm-TFSI  with  the  host  networks.  Differential  scanning  calorimetry 
measurements  show  the  presence  of  at  least  one  glass  transition  temperature  (Tg)  in  both  1  and  2  mate¬ 
rials.  The  broadband  dielectric  spectroscopic  measurements  have  been  carried  out  between  10~2  Hz  to 
10  MHz  from  -100  °C  to  100  °C  with  a  5°C  step.  The  conductivities  of  the  polymers  1  and  2  have  been 
found  to  be  in  the  order  of  10-8  to  10-11  S  cm-1  at  25  °C,  so  they  can  be  defined  as  dielectric  materials.  After 
doping  2  with  EMIm-TFSI,  the  conductivity  at  25  °C  of  the  obtained  complex  [Zr(Cn  O4H31  )]i5/(EMIm-TFSI) 
(2')  increased  three  orders  of  magnitude  resulting  ca.  10~5  S  cm-1.  The  permittivity  spectra  revealed  two 
relaxation  bands  which  were  attributed  to  the  a  relaxation  modes  of  the  polymer  networks. 

©  2009  Published  by  Elsevier  B.V. 


1.  Introduction 

Solid  polymer  electrolytes  are  of  growing  importance  in  solid 
state  electrochemistry.  The  most  important  application  of  poly¬ 
mer  electrolytes  is  for  high  energy  density  batteries  and  high 
power  density  capacitors  [1-4].  To  improve  the  performance  of 
energy  storage  devices  much  effort  is  currently  directed  towards 
the  preparation  of  new  hybrid  inorganic-organic  systems  [2,3  ].  Sev¬ 
eral  three-dimensional  networks  based  on  organic  macromolecules 
bridged  by  inorganic  atoms  like  Ti,  Zr  and  Si  have  been  synthesised 
[5-9].  The  conductivity  of  the  systems  depends  upon  the  doping  salt 
and  on  the  size  of  the  coordination  nests  in  the  materials.  The  prepa¬ 
ration  of  hybrid  organic-inorganic  polymers  has  attracted  much 
attention  because  such  hybrids  may  show  controllable  physical 
and  chemical  properties,  such  as  optical,  electrical  and  mechanical 
behaviours,  by  combining  the  properties  of  both  organic  polymers 
and  inorganic  compounds. 
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Ionic  liquids  (ILs)  are  organic  salts  with  a  very  low  melting  point 
(<100  °C)  which  are  the  focus  of  many  investigations  as  they  show 
excellent  chemical  stability,  non-flammability,  non-volatility,  non¬ 
toxicity,  negligible  vapour  pressure,  high  ionic  conductivity  and 
wide  electrochemical  potential  window  [10].  The  development  of 
non-volatile  and  non-flammable  ion  conductive  materials  is  impor¬ 
tant  to  improve  both  the  safety  and  the  durability  of  electrochemical 
devices.  Due  to  these  properties,  ionic  liquids  are  being  used  in 
various  electrochemical  devices.  Recent  research  works  by  various 
groups  point  towards  the  excellent  performance  of  ILs  in  electro¬ 
chemical  devices  such  as  solar  cells  [11  ],  lithium  batteries  [12],  fuel 
cells  [13]  and  supercapacitors  [14]. 

All  solid  polymer  electrolytes  have  advantages  including 
mechanical  stability,  thermal  stability,  simple  processing,  and 
safety.  However,  their  conductivity  and  electrochemical  potential 
window  is  still  insufficient  for  practical  applications.  The  addition 
of  ionic  liquid  to  the  polymer  electrolytes  distinctively  improves 
their  electrochemical  stability  and  ionic  conductivity.  Ionic  liquids 
have  been  incorporated  in  polymer  matrices  to  develop  ionic  liquid- 
incorporated  gel  polymer  electrolytes  (ILGPEs).  In  order  to  improve 
the  mechanical  properties  of  ILGPEs  the  “composite  approach”  has 
been  already  attempted.  The  first  polymer  electrolytes  based  on 
ionic  liquids  are  composites  prepared  from  a  preformed  polymer 
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and  a  liquid  organic  salt  [15,16].  In  this  method,  inorganic  nano¬ 
particle  fillers  have  been  introduced  into  the  ILGPEs  to  enhance 
the  mechanical  strength  of  the  system  and  to  increase  the  ionic 
conductivity  of  the  material  by  lowering  its  crystallinity.  Several 
ionic  liquids  have  been  tested  to  select  the  most  suitable  elec¬ 
trolytes  for  ultracapacitors,  covering  imidazolium,  phosphonium, 
ammonium  and  pyrrolidinium  groups.  The  better  performance  in 
terms  of  energy  and  power  density  is  obtained  for  ILs  based  on 
imidazolium  cations  owing  to  their  relatively  high  ionic  conduc¬ 
tivity  and  lower  viscosity.  In  particular,  the  highest  performance  in 
supercapacitors  is  exhibited  by  the  l-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide  (EMIm-TFSI)  thanks  to  its  low 
viscosity  and  despite  its  low  conductivity  with  respect  to  other 
imidazolium-type  ILs  [4]. 

In  the  present  study,  ionic  liquids  have  been  incorporated  in 
hybrid  polymer  matrices  to  develop  new  hybrid  inorganic-organic 
polymer  electrolytes  (H-IOPEs).  The  hybrid  host  polymers  are  con¬ 
sidered  as  the  development  of  the  “composite  approach”  in  which 
the  EMIm-TFSI  incorporation  is  applied.  Thus,  a  new  class  of  hybrid 
inorganic-organic  polymer  based  on  Zr(IV)butoxide  and  glycerol 
has  been  synthesised  using  a  sol-gel  method  [17]  and  incorporat¬ 
ing  ionic  liquids  into  the  polymer  matrix.  It  should  be  highlighted 
that  ILs  are  very  peculiar  systems  owing  to  their  characteristic 
dual  behaviour.  Indeed,  from  one  side  ILs  act  as  ionic  materials 
endowed  with  integer  charges;  from  the  other  side  they  behave 
like  low-weight  molecular  organic  solvents  endowed  with  a  dipo¬ 
lar  moment.  This  twofold  activity  makes  the  inclusion  of  ILs  in  bulk 
H-IOPEs  a  crucial  procedure  in  order  to  modulate  in  these  systems: 
(a)  the  mechanical  and  thermal  performance;  as  a  matter  of  fact,  ILs 
act  as  good  plasticizers;  and  (b)  the  electric  properties  in  terms  of 
ionic  conductivity  and  double-layer  capacity.  Actually,  it  is  expected 
that  ILs  play  a  crucial  role  in  increasing  the  interfacial  polariza¬ 
tion  phenomenon  of  IL-doped  H-IOPEs.  Consequently,  the  latter 


become  suitable  systems  for  application  in  supercapacitor  devices. 
Insights  on  the  structure  of  the  polymers  have  been  determined 
by  vibrational  spectroscopy  (FT-IR  and  FT-Raman)  and  DFT  calcu¬ 
lations.  The  polymer  has  been  subjected  to  thermal  analysis  using 
differential  scanning  calorimetry  (DSC).  The  electrical  response  of 
the  polymer  has  been  studied  by  broadband  dielectric  spectroscopy 
at  the  frequency  range  from  10_2Hz  to  10  MHz  and  temperature 
range  -100  °C  to  +100  °C.  The  cyclic  voltammetry  measurements 
have  been  carried  out  in  order  to  determine  the  electrochemical 
window  of  the  prepared  materials. 

2.  Experimental 

2.1.  Reagents 

Zr(IV)butoxide  80wt%  solution  in  1-buthanol  (Sigma-Aldrich) 
has  been  used  as  received.  Glycerol  (Aldrich,  ACS  grade)  has 
been  dried  at  100  °C  for  3  days  under  low  pressure  (10_2mbar) 
and  kept  in  Ar  atmosphere  (dry  box  with  <1  ppm  H20  and 
<1  ppm  02).  Solvents  have  been  purified  by  standard  methods 
and  sealed  under  argon  atmosphere  on  4  A  molecular  sieves  to 
prevent  contamination  by  moisture.  l-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide  (EMIm-TFSI)  (Kanyo  Chemical 
Co.,  INC)  has  been  used  as  received. 

2.2.  Synthesis 

The  materials  were  prepared  according  to  a  two-step  proto¬ 
col  as  shown  in  Scheme  1.  In  the  first  step  the  hybrid  network 
materials  were  synthesised  by  adding  3.2  mL  of  glycerol  to  20  mL 
of  Zr(IV)butoxide  solution  drop  by  drop  in  an  inert  atmosphere 
of  Ar  (until  the  molar  ratio  of  the  two  reagents  was  1:1).  The 
reaction  vessel  was  kept  under  stirring  at  ambient  temperature 
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Scheme  1.  Syntheses  of  hybrid  polymers  1  and  2  (step  I)  and  of  the  doped  materials  V  and  2'  (step  II). 
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overnight.  A  yellow  solution  and  a  white  solid  have  been  recov¬ 
ered.  The  white  solid  portion  has  been  separated  and  washed 
three  times  with  toluene  at  reflux  for  1  h  yielding  a  white  pow¬ 
der.  A  gel  has  been  obtained  from  the  yellow  solution.  It  has 
been  washed  three  times  with  toluene  at  reflux  for  1  h.  Both  the 
white  powder  and  the  yellow  gel  have  been  dried  under  vacuum 
(10-3  mbar)  at  70  °C.  A  yellow  glassy  solid  has  been  obtained  from 
the  dried  gel.  In  the  second  step,  the  doped  [Zr(C605Hn  )]i2/EMIm- 
TFSI  and  [Zr(Cii04H31)]15/EMIm-TFSI  materials  were  obtained  by 
adding  9.09  wt%  and  9.10  wt%  of  l-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide  (EMIm-TFSI)  ionic  liquid  to  pre¬ 
viously  prepared  materials  [Zr(C605Hn)]  (1)  (white  material) 
and  [Zr(Cn04H3i)]  (2)  (yellow  material),  respectively.  The  mix¬ 
tures  were  manually  grinded  in  a  mortar  under  Ar  atmosphere. 
The  obtained  doped  materials  [Zr(C605Hn)]i2/EMIm-TFSI  and 
[Zr(Cn04H31)]15/EMIm-TFSI  were  singled  out  as  V  and  2',  respec¬ 
tively. 

2.3.  Instruments  and  methods 

The  percentage  of  C,  H  and  N  in  samples  has  been  deter¬ 
mined  by  CHN  analyzer.  The  amount  of  zirconium  in  the  products 
has  been  determined  by  ICP-AES  measurements  using  the  emis¬ 
sion  line  A(Zr)  =  339.198  nm.  Solutions  suitable  for  ICP-AES  analysis 
have  been  prepared  by  treating  the  polymers  with  a  dilute  solu¬ 
tion  of  HC1.  The  ICP-AES  measurements  have  been  carried  out 
using  a  Spectroflame  Modula  sequential  and  simultaneous  spec¬ 
trometer  equipped  with  a  capillary  cross-flow  nebulizer  (Spectro 
Analytical,  Kleve,  Germany).  Zr  determination  has  been  performed 
using  a  plasma  power  of  1.2  kW,  a  radio-frequency  generator  of 
27.12  MHz  and  an  argon  gas  flow  in  nebulizer,  auxiliary,  and  coolant 
of  1  Lmin-1,  0.5  L  min-1  and  14  L  min-1,  respectively. 

FT-IR  spectra  in  the  medium  infrared  (MIR)  region  have  been 
measured  by  using  a  Nicolet  FT-IR  Nexus  spectrometer  equipped 
with  a  triglycine  sulfate  (TGS)  detector  at  a  resolution  of  4  cm-1. 

FT-Raman  spectra  have  been  obtained  with  a  Nicolet  FT-Raman 
Module  attached  to  a  Nexus  FT-IR  system.  The  spectra  were  col¬ 
lected  at  an  angle  of  90°  with  a  spectral  slit  width  of  4  cm-1.  Each 
spectrum  was  the  result  of  the  accumulation  and  averaging  of  2000 
scans.  The  spectra  were  recorded  at  room  temperature  with  the 
samples  sealed  under  argon  in  Pyrex  glass  NMR  tubes. 

DSC  measurements  have  been  performed  using  a  DSC  2920 
differential  scanning  calorimeter  operating  under  an  N2  flux  of 
70  cm3  min-1,  equipped  with  the  LNCA  low  temperature  attach¬ 
ment.  The  analysis  has  been  performed  from  -100  °C  to  +100  °C, 
with  a  heating  rate  of  10°Cmin-1.  A  sample  of  about  15  mg  was 
sealed  in  an  aluminum  pan.  DSC  measurement  has  been  carried 
out  for  three  cycles. 

Electrochemical  measurements  have  been  performed  using  a 
Bio  Logic  multi  channel  VSP  potentiostat/galvanostat  in  the  poten¬ 
tial  range  of  -1.5  to  10  V  at  a  sweeping  rate  of  20mVs-1.  The 
electrochemical  stability  window  was  determined  by  cyclic  voltam¬ 
metry  measurements  (CV),  sandwiching  a  film  of  the  material  with 
a  thickness  ranging  from  45  p,m  to  200  p,m  between  two  symmet¬ 
ric  circular  platinum  blocking  electrodes  with  a  diameter  of  1.5  cm. 
The  CV  measurements  were  carried  out  adopting  a  two-electrode 
geometry  with  one  of  the  two  Pt  electrodes  working  simultaneously 
as  quasi-reference  and  counter  electrode.  The  explicit  cathodic  (Ec l) 
and  anodic  (EAl)  limits  were  0  V  and  4  V,  respectively.  Ec L  and  EA L 
correspond  to  the  voltages  where  the  CV  curve  exhibited  a  current 
increase  higher  than  10%  with  respect  to  the  lowest  current  value 
detected  in  the  explored  region. 

Measurements  of  electrical  spectra  have  been  carried  out  in 
the  frequency  range  10-2Hz  to  10  MHz  using  an  Alpha  analyser. 
The  measurements  have  been  carried  out  in  the  temperature 
range  -100  °C  to  +100  °C  after  cooling  the  measuring  cell  from 


room  temperature  down  to  -100  °C  at  5°Cmin-1.  The  measuring 
cell  temperature  has  been  controlled  by  means  of  a  Novocontrol 
Quatro  cryostat  operating  with  a  N2  gas  jet  heating  and  cool¬ 
ing  system.  The  samples  in  the  form  of  a  pellet  were  sealed 
under  argon  atmosphere  in  a  home-made  Teflon  conductivity  cell 
between  two  gold-plated  stainless  steel  parallel  electrodes.  Before 
each  analysis  the  cell  constant  was  determined  by  micrometri¬ 
cal  measurements  of  the  electrolyte  electrode  contact  surface  and 
of  the  distance  between  electrodes.  The  electrodes  have  a  diam¬ 
eter  of  20  mm  and  the  thickness  of  samples  ranged  from  45  p,m 
to  120  p.m.  The  complex  permittivity,  s*  =  s'-is",  has  been  con¬ 
verted  into  the  complex  conductivity,  cr*  =  o'  +  io" ,  by  using  the 
equation  cr*  =  icos*  (o'  =  cos ",  cr"  =  cos'),  where  co  =  2 Ttf  (f=  frequency 
in  Hz).  The  temperature  has  been  measured  with  an  accuracy  better 
than  ±0.1  °C. 

2.4.  Computational  methods 

The  hybrid  systems  shown  in  Scheme  2a  and  b  have  been  sub¬ 
mitted  to  the  geometry  optimization  task  performed  by  applying 
the  Universal  forcefield  [18-21]  using  the  Forcite  program  of  the 
Materials  Studio  package  [22  ].  The  geometry  optimization  is  refined 
by  using  the  DMol3  program  [23,24]  included  in  the  Materials  Stu¬ 
dio  package  [22]  for  the  local  density  approximation  described  by 
Perdew  and  Wang  [25]  (PWC  functional),  and  double  numerical 
basis  set  except  that  no  ‘p’  functions  are  used  on  hydrogen  (dnd) 
as  implemented  in  DMol3. 

First-principle  energy  calculations  were  conducted  using  den¬ 
sity  functional  theory  implemented  in  an  all-electron  DFT  code, 
DMol3  [23,24].  A  double  numerical  basis  set  with  double  polar¬ 
ization  (dnd)  [23]  was  used.  The  exchange-correlation  interaction 
was  treated  by  generalized  gradient  approximation  with  PWC  func¬ 
tional  [26].  A  convergence  criterion  of  10-6  a.u.  on  the  total  energy 
was  used  in  the  self-consistent  field  (SCF)  calculations. 

Finally,  the  fundamental  vibrational  frequencies  for  the  opti¬ 
mized  structures  were  calculated  using  the  PWC  (dnd)  method  as 
implemented  in  DMol3. 

The  internal  modes  were  identified  by  visualizing  the  associated 
atomic  motion  with  the  aid  of  the  animation  of  each  computed 
mode  built  in  the  DMol3  package. 

3.  Results  and  discussion 

3.1  Composition  ofl  and  2 

The  elemental  composition  of  materials  1  and  2  is  given  in 
Table  1  along  with  the  molar  ratios  with  respect  to  zirconium 
content.  The  proposed  stoichiometry  for  the  repeating  units  is 
[Zr(C605Hn )]  and  [Zr(Cn  04H31 )]  for  1  (white)  and  2  (yellow)  mate¬ 
rials,  respectively.  It  can  be  observed  that  the  composition  of  the 
two  compounds  is  markedly  different.  The  syntheses  shown  in 
Scheme  1  took  place  owing  to  substitution  of  the  butoxide  group  of 
Zr(IV)butoxide  precursor  through  a  nucleophilic  attack  by  the  glyc¬ 
erol  followed  by  buthanol  elimination.  The  substitution  reaction  of 
the  butoxide  groups  coordinated  to  Zr  atoms  decreases  the  stoi¬ 
chiometry  ratio  nc/nzr  of  the  products.  The  ratio  nc/nzr  =  6  suggests 
the  presence  of  two  glycerol  units  for  each  Zr  atom  in  the  1  network, 
thus  indicating  that  the  complete  substitution  of  butoxide  ligand 
happened  to  produce  1  material  (Scheme  2a).  The  ratio  nc/nzr  =  11 
is  lower  than  nc/nZr  =  16  of  Zr(IV)butoxide  reagent,  but  it  is  higher 
than  the  nc/nzr  =  6  of  1.  This  information  allows  us  to  hypothe¬ 
size  that  in  2  the  substitution  reaction  of  butoxide  ligands  did  not 
proceed  completely  and  two  butoxide  groups  and  one  molecular 
fragment  coming  from  glycerol  can  be  found  for  each  Zr  atom  in 
the  2  material  (Scheme  2b). 
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(b) 


BuO=butoxide  ligand 


Scheme  2.  Structural  hypotheses  for  1,  [Zr(C605Hn )]  (a),  and  2,  [Zr(Cn04H3i)]  (b),  materials. 


3.2.  FT-IR  and  FT-Raman  analysis 

Figs.  1  and  2  show  the  FT-IR  and  FT-Raman  spectra  of  1,  V,  2, 
2!  and  EMIm-TFSI.  Table  2  reports  the  observed  absorption  and 
scattering  bands  together  with  their  relative  intensities  for  the 
materials  1,  T  and  EMIm-TFSI.  The  7th  column  in  Table  2  gives 
selected  vibrational  frequencies  calculated  by  DFT  method  on  the 
basis  of  the  structural  hypothesis  for  the  material  1  shown  in 
Scheme  3a.  DFT  computations  were  performed  as  explained  in  more 
detail  in  Section  3.3.  The  8th  column  in  Table  2  shows  the  correla¬ 
tive  assignments  for  the  observed  bands  and  the  description  of  the 
vibrational  modes  of  the  calculated  vibrational  frequencies.  Table  3 
has  the  same  structure  of  Table  2  but  it  is  referred  to  the  materials 
2,  2  and  EMIm-TFSI. 

The  first  feature  observed  in  the  IR  spectra  of  the  prepared  poly¬ 
mers  1  and  2  is  the  absence  of  the  stretching  and  bending  vibrations 


of  OH  groups  (see  Fig.  1).  This  suggests  that  a  complete  condensa¬ 
tion  of  alcohol  groups  coming  from  pristine  glycerol  took  place  for 
both  1  and  2  systems. 

In  the  frequency  region  between  2800  cm-1  and  3000  cm-1  the 
expected  absorption  and  scattering  bands  related  to  the  stretching 
of  the  CH  bonds  have  been  observed  in  the  IR  and  Raman  spectra, 
respectively.  Among  these  latter  bands  the  unexpected  stretch¬ 
ing  and  bending  peaks  typical  of  methyl  group  are  revealed  in  1, 
which  indicate  that  butyl  groups  are  present  in  1.  To  take  care 
of  this  observation  we  hypothesized  that  butoxides  are  present 
in  1  as  the  terminal  groups.  Indeed,  the  intensity  of  the  vibra¬ 
tional  bands  due  to  the  CH3  groups  is  lower  in  the  spectra  of  1 
with  respect  to  the  intensity  values  measured  in  the  spectra  of  2. 
Apart  from  their  different  profiles,  no  significant  frequency  shift 
has  been  observed  between  the  vibrational  bands  of  1  and  2  in  this 
region. 


Table  1 

Composition  of  [Zr(C605Hn )]  (1)  and  [Zr(Cn04H3i )]  (2)  materials.  Molar  ratios  referred  to  Zr  atoms  are  shown. 


Compound 

Ca  (wt%) 

Ha  (wt%) 

Zrb  (wt%) 

Oc  (wt%) 

nc/nZr 

nH/nZr 

n0/nZr 

[Zr(C605H„)](1) 

29.61 

4.32 

34.61 

31.46 

6.50 

11.30 

5.20 

[Zr(C„04H3,)](2) 

41.99 

9.58 

28.53 

19.90 

11.18 

30.40 

3.98 

a  Analyzed  by  CHN  analyser. 
b  Determined  by  ICP-AES  measurements. 
c  Determined  as  difference  from  100%. 


M.  Jeyapandian  et  al.  /  Journal  of  Power  Sources  195  (2010)  341-353 


Table  2 

FT-IR  and  FT-Raman  band  assignments  for  the  [Zr(C605Hu )]  (1),  {[Zr(C605Hn  )]i2/EMIm-TFSI}  (V)  and  EMIm-TFSI. 
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Observed  frequencies  (cm- 

-1)3 

Calculated  Band  assignments0 

frequencies5 

Ref. 

1 

1 

EMIm-TFSI 

IR 

Raman 

IR 

Raman 

IR 

Raman 

3307  (vw) 

vs(HCCH)ring,  vsip(ring) 

[27] 

3168  (vw) 

3160 (w) 

3176  (vw) 

vs(HCCH)ring,  vsip(ring) 

[28] 

3122  (w) 

3130  (vw) 

v(NC(H)NCH)ring 

[28] 

3109  (sh,w) 

3107  (vw) 

va(CH3(N)HCH) 

[28] 

3052  (m) 

3053 (m) 

2991  (vw) 

2993  (sh,vw) 

va(CH3(N)HCH) 

[28] 

2970  (vw) 

2970 (m) 

va(CH2HCH),  va(HCH)ethyi 

[28] 

2956  (vs) 

2953 (w) 

va(CH3) 

[31] 

2950  (vw) 

2953  (m) 

Va  (  CH3  HCH  )terminal 

[28] 

2929  (vs) 

2932  (vs) 

2924  (w) 

2931  (s) 

va(CH2) 

[31] 

2931 (w) 

vs(CH3HCH)ring 

[28] 

2906  (s) 

2906  (s) 

vs(CH3) 

[31] 

2891  (w) 

Vs(CH3HCH)terminal,  vs(CH3) 

[28] 

2868  (vs) 

2871  (vs) 

2870  (vs) 

2872  (vs) 

vs(CH3) 

[28] 

2858  (w) 

vs(CH2) 

[28] 

2831  (sh,vw) 

2841  (vw) 

Vs  (  CH3  H  CH  terminal 

[28] 

2733  (w) 

2733 (w) 

2704 (w) 

2710 (w) 

v(CH) 

[31] 

2571  (vw) 

1604 (w) 

1604  (m) 

1585  (w) 

1585  (w) 

1572  (vw) 

1574  (w) 

1570  (vw) 

vs’aip(ring),  v(CH3(N)),  v(CH2(N)),  vs(CN) 

[28] 

1523  (w) 

1471 (w) 

1473  (sh,vw) 

vaip(ring),  v(CH3(N)) 

[28] 

1464 (m) 

1465  (s) 

1458 (w) 

1464  (s) 

8(CH3),  sr(CH2) 

[31] 

1456  (vw) 

1454 (w) 

8S(CCH  HCC),  8s(CH3(N)HCH),  8a(CH3HCH)terminai 

[28,31] 

1433(w) 

1431 (w) 

1431  (vw) 

1431  (sh,vw) 

vaip(ring),  v(CH3(N)CN),  8s(CH3(N)HCH) 

[28] 

1419  (w) 

1421  (m) 

vaip(ring))  v(CC),  v((N)CH2),  v(CH3(N)CN) 

[28] 

1392  (sh) 

1387  (w) 

vaip(ring))  v(CC),  8(CH2(N)),  v(CH3(N)CN),  v(CH2(N)) 

[28] 

1377  (m) 

1378  (w) 

1375  (sh,w) 

1379(w) 

8s(CH3) 

[31] 

1352 (m) 

1352  (s) 

va(S02) 

[28] 

1333  (m) 

1333  (w) 

1333  (s) 

1336  (m) 

va(S02),  vsip(ring),  v(CC),  v(CH2(N)),  v(CH3(N)CN) 

[28] 

1297  (vw) 

1296  (m) 

1296  (m) 

Tip(CH2) 

[31] 

1261 (w) 

1273  (w) 

1260 

T  +  r(CH2) 

[31] 

1250  (w) 

1250  (w) 

1252 

T  +  r(CH2) 

[31] 

1244  (m) 

1242  (s) 

va(S02),  8s(CF3) 

[28] 

1228  (w) 

1225  (w) 

1227  (w) 

1225  (m) 

1226  (m) 

1229 

T  +  r(CH2) 

[31] 

1211 (w) 

1211(w) 

1212 

T  +  r(CH2) 

[31] 

1194  (s) 

1190  (vs) 

va(CF3) 

[32] 

1138  (m) 

1136  (m) 

vs(S02) 

[32] 

1120  (sh,s) 

1115  (w) 

1120  (sh,s) 

1117  (w) 

1118 

8(ZrOBu)  +  8(Bu)  +  S(gly)  +  8(0Zr0) 

1103  (vs) 

1101  (vs) 

vs(C0C0C) 

[28] 

1090  (w) 

v(CC),  vsip(ring) 

[34] 

1074  (sh,m) 

1064  (w) 

1074  (sh,s) 

1064  (w) 

T^oop(CCO) 

[33] 

1059  (vs) 

1057  (s) 

vaiP(ring),  v(CC),  va(SNS),  t(NCH3) 

[32] 

1040  (sh,m) 

1030 (w) 

1040  (sh,m) 

1030 (m) 

1041 

v(CCO)  T  gly 

1024  (w) 

CF,  vsiP(ring),  v(CH3(N)),  v(CH2(N)) 

[27] 

1005  (sh,w) 

1003  (vw) 

1005  (sh,m) 

1003  (m) 

1005 

8(gly)  +  8(Bu)  +  v(CCO)  T  gly  +  8(ZrO) 

970  (m) 

965  (vw) 

966  (m) 

966  (m) 

975 

v(C0)  T  gly,  8(gly  T),  v(CCO)  T  gly  +  8( CH2 ) 

[33] 

958(vw) 

960  (vw) 

v(CC) 

[28] 

927  (m) 

927  (vw) 

931  (m) 

928  (w) 

926 

v(C0)  G  gly,  8(Bu)  +  8(Zr0gly)  +  v(glyT&G)  +  8(ZrO)  +  v(CCO) 

[33] 

Tgly 

901  (w) 

901  (vw) 

901  (w) 

901  (w) 

901 

S(ZrOglyOZr)  +  8(gly0gly)  +  S(ZrO)  +  v(gly) 

856  (m) 

866  (w) 

856  (m) 

866  (m) 

864 

vsec(C-C-C) 

[33] 

843  (vw) 

8ring(NC(H)N),  S(CCH) 

[28] 

823  (vw) 

827  (w) 

827  (m) 

823 

vpri(C-C-C),  8(gly  T)  +  8(Bu)  +  8(gly0gly),  va(ring) 

[33] 

810  (vw) 

810  (vw) 

812  (w) 

809 

v(ZrO)  tetrahedral,  S(ZrOBu)  +  8(Zr0gly)  +  8(ZrO)  +  v(ring) 

[35] 

789  (w) 

791  (w) 

793  (vw) 

8aring(HCCH),  v(CS) 

[28] 

785  (m) 

785  (s) 

787 

v(ZrO)  tetrahedral,  8(ZrO)  + v(gly) 

762  (vw) 

762  (w) 

8aring(HCCH),  vs(SNS) 

[28] 

740  (m) 

741  (w) 

740  (vs) 

8(CH3(N)),  8(CH2(N)),  8s(CF3),  8ring,ip 

[28] 

727  (s) 

721  (w) 

721  (m) 

712  (vw) 

707 

v(ZrO),  collective  breath  of  the  network,  breath  of  the 

[35] 

double  ring 

702  (vw) 

702  (vw) 

8aring,ip,  v(CH2(N)),  v(CH3(N)CN) 

[28] 

671  (m) 

669  (w) 

660  (m) 

671 

S(C-C-O),  8(ZrOC)  +  8(gly0gly),  8(ZrO)  +  8(ring) 

[33] 

650  (w) 

646 

Wagging  of  the  double  ring 

650  (w) 

650  (w) 

650  (vw) 

8aring,oop,  S(SNS) 

[28] 

623  (w) 

623  (w) 

622 

Wagging  of  the  double  ring 

617  (w) 

615  (m) 

Saring.oop,8a(S02),  v(CH3(N)CN) 

[28] 

602  (w) 

598  (m) 

602  (m) 

598  (m) 

3sri„g,ip.  Sa(S02 ),  v(CH3(N)CN) 

[28] 
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Table  2  ( Continued ) 


a  Relative  intensities  of  observed  bands  are  reported  in  parentheses:  vs,  very  strong;  s,  strong;  m,  medium;  w,  weak;  vw,  very  weak;  sh,  shoulder. 
b  Calculated  by  DFT  methods  as  described  in  the  experimental  section  on  the  basis  of  the  structural  model  shown  in  Scheme  2a. 

c  v,  stretching;  8,  bending,  t,  twisting;  r,  rocking;  sr,  scissoring;  a,  antisymmetric  mode;  s,  symmetric  mode;  ip,  in-plane;  oop,  out-of-plane;  T,  trans;  G,  gauche;  gly,  glycerol 
fragment.  The  description  of  the  calculated  vibrational  modes  is  reported  in  italic. 


Fig.  1.  FT-IR  spectra  of  1,  1  ,  2,  2  and  EMIm-TFSI. 


The  stretching  and  bending  bands  of  CO  and  CCO  groups  are 
expected  in  the  frequency  region  from  850  cm-1  to  1200  cm-1.  In 
this  region  it  is  possible  to  note  that:  (a)  the  bands  localized  at 
1174  cm-1 , 1134  cm-1  and  951  cm-1  were  detected  for  the  material 
2  only.  These  vibrations  were  obtained  also  from  the  DFT  cal¬ 
culations  performed  on  the  structural  model  for  the  material  2 
(Schemes  2b  and  3b),  where  they  resulted  to  be  mainly  composed 
by  some  bending  of  butoxide  groups  coordinating  the  Zr  atoms  (see 
Table  3);  (b)  the  difference  in  wavenumber  was  observed  in  the 
out-of-plane  stretching  vibration  of  the  CCO  group  in  1  and  2  mate¬ 
rials  (1074  (IR)  -  1064  cm-1  (R)  for  the  1  and  1059  (IR)  -  1055  cm-1 
(R)  for  the  2).  This  difference  suggested  that  the  1  network  is 
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Fig.  2.  Raman  spectra  of  1,  V,  2,  2 '  and  EMIm-TFSI. 


stiffer  than  the  2  and  this  is  due  to  the  higher  concentration  of 
butoxide  groups  in  2  with  respect  to  material  1;  (c)  the  character¬ 
istic  vibrational  bands  for  glycerol  moiety  in  trans  conformation 
was  found  at  970  cm-1  for  1  and  2,  while  the  band  witnessing 
the  presence  of  a  glycerol  fragment  in  gauche  conformation  was 
revealed  at  927  cm-1  and  931  cm-1  for  1  and  2,  respectively.  In  the 
case  of  pristine  glycerol  it  is  localized  at  924  cm-1,  which  means 
that  the  force  constant  of  the  vibrational  modes  of  glycerol  moi¬ 
ety  became  stronger  in  bridging  Zr  atoms  in  the  1  and  2  networks 
with  respect  to  that  of  the  pristine  molecule.  The  above  facts  are  in 
accordance  with  the  structural  hypotheses  for  the  materials  1  and  2 
(Scheme  3). 

It  should  be  highlighted  that,  this  difference  in  wavenumbers 
was  satisfactorily  reproduced  by  DFT  calculations  (Tables  2  and  3). 
The  presence  of  tetrahedral  Zr04  units  in  all  the  prepared  materi¬ 
als  is  proved  by  the  810  cm-1  band  [35].  The  vibration  localized  at 
785  cm-1  was  observed  in  material  1,  while  the  vibration  localized 
at  746  cm-1  is  detected  exclusively  in  material  2. 

In  summary,  as  expected  in  the  IR  spectra  of  1  and  2  materials 
most  of  the  bands  are  peaking  at  the  same  frequencies  and  exhibit 
different  shapes  and  relative  intensities.  The  observed  differences 
were  satisfactorily  reproduced  by  the  hypothesised  structural  mod¬ 
els  (Scheme  2). 

The  main  difference  in  the  Raman  spectra  of  1  and  2  is  the  pres¬ 
ence  of  the  sharp  and  intense  bands  at  1003  cm-1,  785  cm-1,  and 
521  cm-1  for  1  (Fig.  2).  These  bands  are  related  to  the  vibrational 
modes  of  the  Zr04  units.  This  observation  suggests  that  Zr04  units 
are  more  symmetric  and  homogeneously  distributed  in  bulk  mate¬ 
rial  1  than  those  detected  in  2. 

In  conclusion,  the  vibrational  spectroscopy  studies  of  the  mate¬ 
rials  1  and  2  confirmed  that  they  are  network  polymers  in  which 
Zr  atoms  are  tetrahedrally  coordinated  by  glycerol  organic  bridges 
with  material  1  structurally  more  homogeneous  than  2.  In  material 
2  a  higher  concentration  of  butoxide  ligand  is  present  with  respect 
to  1. 

The  spectrum  of  EMIm-TFSI  was  exhaustively  assigned  else¬ 
where  [27,28].  The  vibrational  modes  of  this  IL  were  detected  in 
the  IR  and  Raman  spectra  of  V  and  2'  materials  with  no  substantial 
shift  in  frequency  with  respect  to  the  pristine  IL.  In  particular,  it  is 
worth  to  highlight  that  no  significant  frequency  shift  was  detected: 
(a)  for  the  IR  bands  peaking  at  741  cm-1,  762  cm-1,  and  791  cm-1, 
which  are  vibrational  modes  diagnostic  of  ion  pair  formation  [29]; 
and  (b)  for  the  Raman  band  localized  at  740  cm-1 ,  which  is  assigned 
to  the  symmetric  bending  of  the  CF3  group.  This  latter  band  is  usu¬ 
ally  used  to  study  the  chemical  interactions  with  the  surroundings. 
Results  show  that  no  significant  interactions  took  place  between 
the  ionic  liquid  and  the  hosting  network  materials  in  V  and  2' 
systems.  Indeed,  in  agreement  with  other  investigations  [30],  the 
structure  of  the  bulk-like  nature  of  ionic  liquid  is  maintained  in  the 
host  polymers. 
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Scheme  3.  Structural  models  proposed  for  1  (a)  and  2  (b)  materials. 


In  the  IR  and  Raman  spectra  of  V  and  1!  most  of  the  observed 
frequencies  can  be  correlated  to  the  pristine  polymer  or  to  the  IL 
without  any  significant  change  in  their  frequency  positions.  One 
exception  can  be  observed  for  the  Raman  band  localized  in  the 
spectrum  of  T  at  712  cm-1  which  was  attributed  to  the  collective 
breathing  vibration  of  the  host  polymer  network.  This  peak  in  the 
Raman  spectrum  of  pristine  1  is  localized  at  721  cm-1.  Another 
exception  is  observed  in  the  IR  spectrum  of  V ,  where  the  band 
revealed  at  660  cm-1  is  correlated  to  the  band  of  pristine  polymer 
at  671  cm-1.  These  differences  in  band  positions  suggest  that  the 
inter-chain  interactions  of  the  network  1  are  weakened  after  doping 
the  material  with  the  IL,  which  thus  acts  as  a  plasticizer. 

3.3.  Determination  of  1  and  2  structural  hypotheses 

The  structural  hypotheses  for  the  prepared  materials  1  and  2 
have  been  devised  on  the  basis  of  their  analytical  composition  and 
vibrational  studies.  The  structures  hypothesized  for  the  repeating 
units  of  the  prepared  materials  1  and  2  are  reported  in  Scheme  2a 
and  b  respectively.  The  basic  structure  of  1  consists  of  two  Zr  atoms 
bridged  together  by  two  glycerol  molecules  which  are  condensed 
with  each  other  through  one  oxygen  atom  bridge.  The  asymmetric 
repeating  units  are  then  composed  of  rings  with  8  vertexes.  The 
basic  structural  repeating  unit  of  2  consists  of  four  Zr  atoms  bridged 
together  by  two  glycerol  molecules  which  are  condensed  by  one 


oxygen  bridge.  The  coordination  of  each  Zr  atom  is  completed  by 
two  butoxide  groups  (Scheme  2b). 

The  soundness  of  the  proposed  structural  hypotheses  has  been 
proved  by  performing  DFT  calculations  on  the  hypothesised  repeat¬ 
ing  unit  which  is  representative  of  the  networked  polymers  shown 
in  Scheme  3a  and  b  respectively  for  1  and  2  materials.  In  Scheme  3a 
it  is  possible  to  observe  that  the  1  representative  structural  unit 
is  endowed  predominantly  with  trans  glycerol  units.  From  the  IR 
spectrum  of  1  material  both  trans  and  gauche  conformations  were 
detected.  Thus,  it  is  to  be  hypothesized  that  material  1  is  more 
complicated  with  respect  to  the  simple  ribbon  structure  with  8 
vertex  rings  proposed  in  the  basic  unit  shown  in  Scheme  2a.  There¬ 
fore,  to  account  of  the  experimental  evidences  it  was  necessary  to 
impose  that  the  hypothesised  polymer  network  consists  of  ribbon 
fragments  linked  together  through  gauche  glycerol  units.  Thus,  1  is 
composed  by  6  Zr  atoms  linked  together  by  8-vertex  rings  endowed 
with  one  networking  center  (Scheme  2a).  In  order  to  carry  out 
DFT  calculations  it  was  necessary  to  assume  the  oligomer  shown 
in  Scheme  3. 

The  fragment  2,  which  was  obtained  by  following  the  same 
procedure  of  1,  is  composed  by  6  Zr  atoms  linked  together  by  glyc¬ 
erol  bridges  as  previously  described  and  terminated  by  butoxide 
groups  (Scheme  2b).  The  frequencies  calculated  for  the  1  and  2 
oligomers  which  are  representative  of  networked  polymers  1  and 
2  are  reported  in  the  7th  column  of  Tables  2  and  3,  respectively.  It  is 
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Table  3 

FT-IRand  FT-Raman  band  assignments  of  the  [Zr(Cn04H3i)]  (2),  {[Zr(Cii04H3i)]i5/EMIm-TFSI}  (2')  and  EMIm-TFSI. 


Observed  frequencies  (cm-1  )a 

Calculated 

frequencies'3 

Band  assignments' 

2  2 

EMIm-TFSI 

IR  Raman  IR 

Raman 

IR  Raman 

3307  (s) 

3157  (w) 

3160  (w) 

3176  (s) 

3120  (w) 

3122  (w) 

3130  (vw) 

3109  (sh,w) 

3107  (s) 

2991  (vw) 

2993  (sh,vw) 

2970  (vw) 

2970 (m) 

2958  (vs) 

2959  (s) 

2951 (w) 

2958  (s) 

2950  (vw) 

2953  (m) 

2931  (vs) 

2933  (vs) 

2926  (w) 

2933  (vs) 

2931  (vw) 

2902  (s) 

2902  (vs) 

2891  (vw) 

2872  (vs) 

2873  (vs) 

2873  (vs) 

2864  (sh,w) 

2862  (sh,vs) 

2860  (w) 

2862  (sh,vs) 

2841  (vw) 
2764  (vw) 

2727  (w) 

2732  (w) 

2729  (vw) 

2733  (m) 

2710 (w) 

2709 (vw) 

2710  (vw) 

2706  (w) 

2588  (w) 

2588  (w) 

1572  (w) 

1574  (w) 

1570  (vw) 

1471 (w) 

1473  (sh,vw) 

1464  (m) 

1463  (m) 

1462  (w) 

1464  (s) 

1454  (w) 

1448  (s) 

1456  (vw) 

1454 (w) 

1431  (w) 

1446 (m) 

1431  (vw) 

1431  (vw) 

1431  (sh,vw) 
1421 (w) 

1392  (sh) 

1387  (w) 

1377  (m) 

1378  (vw) 

1350  (s) 

1379  (w) 

1352  (s) 

1331  (s) 

1333  (s) 

1336  (w) 

1295  (w) 

1261  (m) 

1296  (m) 

1298  (sh,w) 

1296  (m) 

1253  (w) 

1252  (w) 

1242  (s) 

1228  (w) 

1228  (w) 

1227  (w) 

1188  (vs) 

1228  (w) 

1190  (vs) 

1174  (w) 

1174  (w) 

1138  (m) 

1136  (w) 

1174 

1134  (vs) 

1139  (w) 

1134  (s) 

1140  (w) 

1134 

1115  (m) 

1117  (m) 

1118 

1101  (vs) 

1094 (w) 

1090  (vw) 

1107 

1059  (s) 

1055 (w) 

1055  (vs) 

1055 (w) 

1057  (s) 

1055 

1038  (vs) 

1039  (w) 

1038  (sh,m) 

1039 (w) 

1024 (w) 

1041 

1003  (vw) 

1002 

973  (m) 

968  (vw) 

958  (w) 

969  (w) 

958  (vw) 

960  (vw) 

975 

951  (w) 

951  (w) 

950 

931  (w) 

936 

901  (w) 

901  (w) 

899  (w) 

901  (m) 

900 

862  (m) 

879  (w) 

870  (w) 

845  (w) 

877  (m) 

843  (vw) 

872 

829  (w) 

835  (w) 

829  (m) 

828 

802  (m) 

811  (w) 

789  (m) 

812  (w) 

791  (w) 

793  (vw) 

809 

762  (w) 

762  (w) 

746  (w) 

741  (m) 

742  (m) 

741  (w) 

740  (vs) 

743 

739  (m) 

738 

727  (m) 

700  (w) 

702  (vw) 

702  (vw) 

729 

671  (w) 

650  (w) 

650  (w) 

650  (vw) 

670 

613  (m) 

615  (m) 

600  (m) 

602  (m) 

598  (w) 

596  (m) 

569  (m) 

596  (w) 

571  (m) 

571  (vw) 

596 

561  (m) 

563  (vw) 

561  (w) 

vs(HCCH)ring,  vsip(ring)  [27] 

vs(HCCH)ring,  vsip(ring)  [28] 

v(NC(H)NCH)ring  [28] 

va(CH3(N)HCH)  [28] 

va(CH3(N)HCH)  [28] 

va(CH2HCH),va(HCH)ethyl  [28] 

va(CH3)  [31] 

Va(CH3HCH)terminal  [28] 

va(CH2)  [31] 

vs(CH3HCH)ring  [28] 

vs(CH3)  [31] 

vs(CH3HCH)terminal,vs(CH3)  [28] 

vs(CH3)  [31] 

vs(CH2)  [31] 

vs(CH3HCH)terminal  [28] 

v(CH)  [31] 

vs’aip(ring),  v(CH3(N)),  v(CH2(N)),  vs(CN)  [28] 

vaip(ring),  v(CH3(N))  [28] 

8(CH3)  +  sr(CH2)  [31] 

8S(CCH  HCC),  8s(CH3(N)HCH),  8a(CH3HCH)terminai  [28,31] 

vaip(ring),  v(CH3(N)CN),  8s(CH3(N)HCH)  [28] 

vaip(ring),  v(CC),  v((N)CH2),  v(CH3(N)CN) 
vaip(ring),  v(CC),  8(CH2(N)),  v(CH3(N)CN),  v(CH2(N))  [28] 

8s(CH3)  [31] 

va(S02)  [28] 

va(S02),  vsip(ring),  v(CC),  v(CH2(N)),  v(CH3(N)CN)  [28] 

Tip(CH2)  [31] 

T  +  r(CH2)  [31] 

T  +  r(CH2)  [31] 

va(S02),8s(CF3)  [28] 

T  +  r(CH2)  [31] 

va(CF3)  [32] 

8(ZrOBu)  +  8(HC0CH)  +  8(CH2CHCH2 ) 
vs(S02)  [32] 

8(Bu)  +  S(ZrOBu) 

8(ZrOBu)  +  8(Bu)  +  8(gly)  +  8(0Zr0) 

vs(COCOC),  S(ZrOgly-ring)  [31  ] 

v(CC),  vsip(ring)  [34] 

v00p(CCO),  8(glyOgly)  +  8(ZrOBu)  [33] 

vaip(ring),  v(CC),  va(SNS),  t(NCH3)  [32] 

v(CCO)  T  gly 

CF,  vsip(ring),  v(CH3(N)),  v(CH2(N))  [27] 

8(gly)  +  8(Bu) 

v(CO)  T  gly,  8(glyT)  [33] 

v(CC)  [28] 

8(Tgly)  +  8(Bu) 

v(CO)  G  gly,  8(Bu)  +  8(ZrOgly)  +  v(glyT&G)  [33] 

S(ZrOglyOZr)  +  8(glyOgly) 

8(ZrOBu)  +  8(ZrOgly)  +  8(glyG),  vsec(C-C-C)  [33] 

8ring(NC(H)N),  8(CCH)  [28] 

vpri(C-C-C),  8(T  gly)  +  8(Bu)  +  8(glyOgly)  [33] 

v  (ZrO)  tetrahedral,  S(ZrOBu)  +  8(ZrOgly)  [35] 

8aring(HCCH),  v(CS)  [28] 

8aring(HCCH),  vs(SNS)  [28] 

8(Bu)  +  S(ZrOgly) 

8(CH3(N)),  8(CH2(N)),  8s(CF3),  8ring.ip  [28] 

8(Bu)  +  8(gly) 

v(ZrO),  collective  breath  in  mode  of  the  network  [35] 

Sa ring, ip i  v(CH2(N)),  v(CH3(N)CN)  [28] 

8(CCO),  8(ZrOC)  +  8(glyOgly)  [33] 

Ring  op  8a,  8a  (SNS)  [28] 

§aring,oop,  Sa(S02),  v(CH3(N)CN)  [28] 

8sring.ip,  Sa(S02),  v(CH3(N)CN)  [28] 

Collective  breath  in  mode  of  the  network 

§Sring,ip,  8a(CF3) 


[32] 
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Table  3  ( Continued ) 


Observed  frequencies  (cm-1 

l)a 

Calculated 

frequencies13 

Band  assignments0 

Ref. 

2 

2 

EMIm-TFSI 

IR 

Raman 

IR 

Raman 

IR 

Raman 

551  (vw) 

8s  (S02) 

[32] 

511  (m) 

515  (m) 

8a (CF3) 

[32] 

465  (m) 

449  (w) 

461  (w) 

463 

8  (C-C-O),  collective  bending  of  the  network 

[31] 

a  Relative  intensities  of  observed  bands  are  reported  in  parentheses:  vs,  very  strong;  s,  strong;  m,  medium;  w,  weak;  vw,  very  weak;  sh,  shoulder. 
b  Calculated  by  DFT  methods  as  described  in  the  experimental  section  on  the  basis  of  the  structural  model  shown  in  Scheme  2a. 

c  v,  stretching;  8,  bending,  t,  twisting;  r,  rocking;  sr,  scissoring;  a,  antisymmetric  mode;  s,  symmetric  mode;  ip,  in-plane;  oop,  out-of-plane;  T,  trans;  G,  gauche;  gly,  glycerol 
fragment.  The  description  of  the  calculated  vibrational  modes  is  reported  in  italic. 


from  -100  °C  to  100  °C  (3rd  scan). 


to  be  pointed  out  that  the  calculated  vibrational  modes  are  in  good 
agreement  with  the  experimental  frequencies. 

3.4.  Thermal  and  electrochemical  stability 

Fig.  3  shows  the  DSC  profiles  of  1, 2,  X  and  2'  materials  collected 
from  -100  °C  to  +100  °C.  The  glass  transition  temperatures  of  1,  2, 
X  and  2!  are  given  in  Table  4.  DSC  curves  show  two  glass  transition 
temperatures  for  1  at  -11  °C  (Tgl)  and  49 °C  (Tg2).  The  Tgl  and  Tg2 
of  X  were  detected  at  -5  °C  and  50  °C,  respectively.  Tg2  of  2  and  2! 
was  revealed  at  51  and  50  °C,  respectively.  7g2  values  of  2,  2',  1  and 
X  are  very  close  with  each  other,  thus  suggesting  that  the  thermal 
features  of  these  materials  are  very  similar.  In  2!  a  further  endother¬ 
mic  peak  associated  to  the  melting  of  the  ionic  liquid  (EMIm-TFSI) 
has  been  observed  at  -16  °C.  This  peak  witnesses  that,  with  respect 
to  the  X  material,  in  the  bulk  2'  material  ionic  liquid  domains  with 
a  larger  size  are  present  [36]. 

The  DSC  results  are  in  accordance  with  vibrational  studies  and 
confirmed  that  the  addition  of  EMIm-TFSI  to  1  and  2  materials  does 
not  affect  significantly  the  structure  and  the  interactions  existing 
between  the  polymer  chains. 

Table  4 

Glass  transition  temperatures  ( Tg )  and  melting  point  (Tmp)  of  1,  2,  T,  2'  and  EMIm- 
TFSI  materials  as  detected  from  DSC  measurements  from  -100  °C  to  +100  °C. 


Taken  together,  DSC  results  are  in  accordance  with  vibrational 
spectroscopic  and  DFT  studies  thus  confirming  that  X  network  is 
more  compact  than  2'.  On  this  basis,  it  is  possible  to  hypothesize 
that,  with  respect  to  X  material,  the  amount  of  free  volume  in  2!  is 
higher.  Thus,  it  is  expected  that  ionic  liquid  clusters  embedded  in 
bulk  2!  network  are  characterized  by  larger  sizes  which  are  easily 
detectable  by  DSC  analyses. 

The  electrochemical  stability  of  1, 2,  X  and  2!  systems  has  been 
tested  by  cyclic  voltammetry.  All  the  investigated  materials  exhib¬ 
ited  an  electrochemical  window  up  to  4  V,  thus  indicating  that  X 
and  2'  networks  are  promising  materials  to  explore  and  to  improve 
for  the  development  of  hybrid  polymers  for  the  application  in  ultra¬ 
capacitors. 

3.5.  Broadband  dielectric  spectroscopy 

Broadband  dielectric  spectroscopy  investigations  have  been  per¬ 
formed  in  order  to  study  the  electrical  properties  of  1,  2,  X  and 
2'  materials.  The  spectra  of  the  real  component  of  conductiv¬ 
ity  (ex')  of  1,  1',  2  and  2!  (data  not  shown)  exhibited  a  strong 
dependence  on  frequency,  thus  indicating  that  dispersive  phe¬ 
nomena  are  taking  place  in  these  compounds.  In  these  spectra 
some  plateaus  were  observed  whose  frequency  ranges  depend 
on  the  temperature  and  on  material  compositions.  The  cr'(co) 
values  at  the  plateaus  correspond  to  the  crdc  values.  The  <rdc  val¬ 
ues  vs.  the  inverse  of  temperature  are  reported  in  Fig.  4.  The 
three  vertical  lines  reported  in  Fig.  4  show  the  DSC  transitions 
previously  described  (Table  4).  It  should  be  observed  that  a  tran¬ 
sition  at  about  -66  °C  is  detected  in  conductivity  measurements 
which  was  not  revealed  in  DSC  profiles.  The  transition  revealed 
by  DSC  measurements  at  -11  °C  is  confirmed  in  <jdc  profiles. 
The  second  glass  transition  observed  in  DSC  curves  of  the  1, 


Taken  from  [37]. 


Fig.  4.  Dependence  of  crdc  on  the  reciprocal  of  temperature  for  1, 1',  2  and  2'. 
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Table  5 

Activation  energies  obtained  fitting  with  Arrhenius-type  and  VTF  equations  of  dc  conductivity  and  relaxation  peak  positions  of  1,  T,  2  and  2'. 


Region 

i 

Sample 

1 

Fitting 

1 

Fitting 

2 

Fitting 

2 

Fitting 

Gdc 

12 

± 

5 

A 

10  ±1 

A 

7 

± 

2 

A 

8.5 

± 

4 

A 

E[  (kjmol-1) 

a-1 

14.6 

± 

1.2 

A 

5  ±6 

A 

VLT 

a-2 

11 

is. 

6 

H 

81 

± 

1 

A 

87 

± 

7 

A 

21 

± 

2 

A 

53 

± 

9 

A 

To  (K) 

a-2 

106 

± 

23 

^dc 

101  ±6 

A 

3.1  ±0.9 

V 

102 

± 

5 

A 

115 

± 

4 

A 

E[  (kj  mol-1) 

a-1 

21.9 

± 

0.7 

A 

3.1  ±0.3 

H 

25 

± 

2 

A 

46.1 

± 

0.8 

A 

LT 

a-2 

0.29 

± 

0.01 

H 

6.5 

± 

1.8 

H 

2.4 

± 

0.4 

H 

^dc 

192  ±7 

To  (K) 

a-1 

170  ±0 

a-2 

221.1 

± 

0.5 

149 

± 

12 

177 

± 

5 

^dc 

2.4 

± 

2.3 

V 

0.14  ±0.06,  38  ±8 

V.V 

0.36 

± 

0.04 

V 

1.5 

± 

0.4 

V 

E[  (kj  mol-1) 

a-1 

32  ±1 

H 

0.22 

± 

0.01 

H 

0.40 

± 

0.07 

H 

MT 

a-2 

0.25 

± 

0.02 

H 

^dc 

260 

± 

3 

260  ±0, 105  ±22 

246 

± 

2 

224 

± 

9 

To  (K) 

a-1 

105  ±0 

243.8 

± 

1.6 

225 

± 

9 

a-2 

227 

± 

2 

A  =  Arrhenius-type  fit;  V  =  Vogel-Tamman-Fulcher-type  fit;  H  =  Vogel-Tamman-Fulcher-Hesse-type  fit.  VLT  =  very  low  temperature  (from  -100 °C  to  -66 °C);  LT  =  low  tem¬ 
perature  (from  -66  °C  to  -11  °C);  MT  =  medium  temperature  (higher  than  -11  °C). 


T,  2  and  2!  materials  is  shown  with  a  line  located  at  49  °C  in 
Fig.  4. 

It  can  be  summarised  that  the  dependence  of  the  crdc  values  on 
the  inverse  of  temperature  reflects  the  temperature  regions  delim¬ 
ited  by  the  DSC  transitions  in  Fig.  3  and  Table  4.  The  conductivity 
regions  were  indicated  as  follows:  “VLT”  (Very  Low  Temperatures) 
from  -100  °C  to  -66  °C;  “LT”  (Low  Temperatures)  from  -66  °C  to 
-11  °C;  and  “MT”  (Medium  Temperatures)  for  temperatures  higher 
than  -11  °C.  The  <rdc  curves  were  fitted  by  Arrhenius  (A)  or  by 
Vogel-Tamman-Fulcher-type  equation  (V).  The  pseudo-activation 
energies  and  the  T0  values  thus  determined  are  summarised  in 
Table  5. 

In  VLT  the  crdc  curves:  (a)  present  values  ranging  between 
10-15Scm-1  and  10-16Scm-1  for  all  the  materials;  (b)  were  sat¬ 
isfactorily  fitted  by  Arrhenius-type  equations  and  the  obtained 
activation  energies  are  12kJmol-1,  lOkJmol-1,  7kJmol-1  and 
8  kj  mol-1  for  1,  V,  2  and  2'  materials,  respectively.  In  LT  the  depen¬ 
dence  on  temperature  of  crdc  of  the  1, 2,  and  2!  materials  was  still  of 
Arrhenius  type.  The  activation  energy  was  of  about  101  kjmol-1  and 
115  kj  mol-1  for  the  pristine  polymers  and  2!  material  respectively. 
It  should  be  observed  that  in  LT  the  activation  energy  is  one  order  of 
magnitude  higher  with  respect  to  that  measured  at  VLT,  thus  indi¬ 
cating  that  between  VLT  and  LT  regions  a  further  order-disorder 
transition  event  takes  place  at  about  -66  °C.  Indeed,  when  the 
hybrid  polymer  changes  from  a  more  ordered  to  a  more  disordered 
solid  state  its  electrical  conductivity  on  temperature  rises  with  a 
different  slope. 

In  MT  regions,  the  crdc  dependence  on  1/Tof  1, 2  and  2'  materials 
exhibits  VTF  behaviour.  It  should  be  observed  that  the  temperature 
between  LT  and  MT  regions  is  coincident  with  Tgi  of  1.  The  activa¬ 
tion  energies  of  1,  2  and  2!  in  MT  are  of  the  order  of  2.4  kj  mol-1, 
0.36  kj  mol-1  and  1.5  kj  mol-1,  respectively  (see  Table  4).  In  1  the 
VTF  behaviour  extends  up  to  30  °C,  where  a  steep  decrease  of  the 
electrical  performance  is  observed  which  was  attributed  to  the 
structural  reorganization  of  the  polymer  network  corresponding 
to  Tg2  event.  In  MT  the  <rdc  values  for  21  are  about  three  orders  of 
magnitude  higher  with  respect  to  that  of  2  owing  to  the  effect  of 
the  ionic  liquid  embedded  in  bulk  material.  The  crdc  vs.  1  /T curves  of 
V  is  somewhat  different  from  the  other  samples:  (a)  the  Arrhenius 
behaviour  was  observed  from  -80  °C  to  -45  °C,  (b)  three  VTF-type 
behaviours  were  distinguished  in  the  regions  from  -45  °C  to  0°C, 
from  0  °C  to  25  °C  and  from  25  °C  to  100  °C  which  are  endowed  with 
the  activation  energies  3.1  kjmol-1,  0.14  kj  mol-1  and  38kJmol-1, 


respectively.  The  influence  of  IL  in  network  1  is  very  different  from 
that  of  2  material. 

Taken  together,  these  results  suggest  that:  (a)  the  effect  of  IL  in 
material  2  does  not  alter  the  conduction  mechanism,  but  increases 
strongly  the  conductivity;  (b)  the  electrical  performance  of  the  1  is 
strongly  modulated  by  the  presence  in  bulk  network  of  IL.  Results 
show  that  conductivity  profiles  are  correlated  to  the  structure  of 
materials.  Therefore,  it  is  suggested  that  EMIm-TFSI  was  hosted  in 
bulk  2  material  owing  to  direct  interactions  with  hybrid  ribbons. 
In  this  way,  long-range  charge  migrations  are  promoted  which  are 
responsible  of  the  conductivity  increase  in  21  system.  In  material 
T  it  is  hypothesised  that  ionic  liquid  domains  are  confined  inside 
nano-pores  of  supporting  polymer.  Thus  EMIm-TFSI,  owing  to  nano¬ 
porosities  present  in  bulk  1  network,  do  not  contribute  to  the  long 
range  charge  migration  for  T<  Tg2. 

Fig.  5a-d  presents  the  spectra  vs.  frequency  and  temperature  of 
the  imaginary  component  of  permittivity  (£")  of  the  materials  1, 
1',  2  and  2',  respectively.  At  low  frequencies  the  three-dimensional 
plots  ( Fig.  5 )  show  an  increase  of  e"  which  was  attributed  to  the  elec¬ 
trode  polarization  event.  As  expected,  the  intensity  of  the  electrode 
polarization  phenomenon  increases  as  the  sample  temperature 
rises. 

For  1  material  (Fig.  5a)  two  relaxation  bands  are  revealed  which 
were  indicated  as  a-1  and  a-2.  The  lower  frequency  peak  (a-1)  is 
overlapped  with  the  electrode  polarization  phenomenon.  It  should 
be  observed  that  the  decrease  of  conductivity  of  1  at  high  temper¬ 
atures  corresponds  to  a  decrease  of  the  intensity  of  the  electrode 
polarization  event  (Fig.  5a). 

Fig.  5b  shows  that  at  T>  35  °C  the  electrode  polarization  phe¬ 
nomenon  of  V  material  is  more  intense  than  that  of  1.  These  results 
are  easily  explained  considering  that  the  electrode  polarization 
phenomenon  is  correlated  to  the  crdc  of  the  materials. 

The  analysis  of  spectra  of  Fig.  5c  and  d  shows  that  in  2  and  21 
three  further  relaxation  bands  can  be  distinguished,  indicated  as 
a-1,  a-2  and  p. 

To  gain  more  information  on  the  conductivity  mechanism  and 
on  the  molecular  and  macromolecular  relaxations  of  the  materials 
the  complex  dielectric  spectra  were  exhaustively  simulated  by  the 
equation  [33]: 

_  ^dc  (»a>re i)y  |  (1) 

icos0  1  +  (ia>Te\)Y  Z-'  {-l+(ia)T kfkfk 
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(a) 


(b) 


(d) 


f 

i 

<5 

Q. 


Fig.  5.  Dependence  of  the  imaginary  component  of  permittivity  on  frequency  and  temperature  for  1  (a),  T  (b),  2  (c)  and  2'  (d). 


where  <rdc  is  the  dc  conductivity,  ak  and  pk  are  the  shape  param¬ 
eters  describing  the  asymmetric  and  symmetric  broadening  of  the 
/<-th  relaxation  peak,  rk  =  1 12nfk  is  the  dielectric  relaxation  time 
of  the  fc-th  peak  (fk  is  the  frequency  of  peak  maximum),  A ek  is  the 
relaxation  strength,  and  rel  is  the  relaxation  time  associated  to  the 
electrode  polarization  phenomenon. 

The  fitting  of  the  experimental  spectra  was  performed  by  using: 
(a)  two  relaxation  bands  for  1;  (b)  one  peak  for  V  material;  and  (c) 
three  relaxation  modes  for  2  and  2'  networks.  The  dependence  of 
the  relaxation  times  vs.  the  inverse  of  temperature  thus  determined 
is  shown  in  Fig.  6.  It  can  be  noticed  that  the  relaxation  mode  a-1, 
peaking  at  low  frequencies,  is  detected  in  all  the  investigated  mate¬ 
rials.  a-2,  which  is  observed  in  samples  1, 2  and  2',  is  peaking  nearly 
at  the  same  position  in  both  2  and  2'  materials,  while  it  is  observed 
at  higher  frequencies  in  the  case  of  1.  p  mode  was  revealed  in  2  and 
2!  materials.  The  three  temperature  ranges  previously  detected  in 
the  <rdc  profiles  were  also  revealed  in  the  dependence  of  relaxation 
times  on  the  inverse  of  temperature. 

In  the  VLT  region,  a-1  of  1  and  V  shows  Arrhenius-type  depen¬ 
dences  on  1/T  with  values  of  activation  energies  close  to  that  of 
adc  (see  Table  5).  In  the  VLT  region,  a-2  of  1  exhibits  a  VTFH- 
type  behaviour  with  an  activation  energy  similar  to  that  of  <rdc. 
In  VLT  region,  a-2  of  2  and  2!  show  Arrhenius-type  dependen¬ 
cies  on  temperature  with  activation  energies  of  81  -87  kj  mol-1, 


respectively.  These  activation  energies  are  about  one  order  of 
magnitude  higher  with  respect  to  the  corresponding  <jdc  val¬ 
ues  of  2  and  2!  which  resulted  7  and  8.5  kj  mol-1,  respectively 
(Table  5). 
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Fig.  6.  Dependence  of  relaxation  frequencies  on  the  reciprocal  of  temperature  for  1, 
V,  2  and  2' . 
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The  |3  relaxation  of  2  and  2!  was  detected  in  the  high  frequency 
wing  of  VLT  region,  p  vs.  1/T  shows  an  Arrhenius-type  behaviour 
with  the  activation  energies  increasing  from  2  to  2'.  On  the  basis 
of  the  proposed  structural  hypotheses  we  attributed  the  p  mode  of 
2  to  the  relaxation  event  associated  to  the  motion  of  butoxide  side 
groups.  Indeed,  it  is  expected  that  the  butoxide  groups  of  2  and  2! 
materials  are  very  mobile  side  groups. 

The  relaxation  time  a-1  of  1  presents  Arrhenius  dependence 
on  temperature  with  a  slope  change  at  about  -55  °C.  This  later 
phenomenon  corresponds  to  an  increase  of  activation  energy  from 
15  kj  mol-1  to  22  kj  mol-1 .  At  35  °C  an  abrupt  variation  of  the  relax¬ 
ation  time  was  registered  which  is  in  accordance  with  the  <7dc 
behaviour  previously  discussed. 

The  comparison  of  a-1  and  crdc  profiles  of  1  indicates  the  three 
following  analogies:  (a)  in  the  VLT  regions  the  Arrhenius  profiles  are 
characterized  by  the  same  activation  energies;  (b)  at  T>35  °C  both 
crdc  and  a-1  show  a  transition  associated  to  a  structural  reorgani¬ 
zation  of  1;  (c)  in  the  LT  and  MT  the  average  values  of  activation 
energy  of  both  crdc  and  a-1  are  of  the  same  order  of  magnitude. 
These  results  suggest  that  in  1  a-1  is  attributed  to  a  relaxation  mode 
correlated  with  the  glass  transition  Tgi  ,  which  is  responsible  for  the 
charge  transfer  mechanism  in  bulk  1. 

The  a-2  observed  in  the  dielectric  spectra  of  material  1  showed 
two  VTFH-type  dependencies  on  temperature;  the  first  from  -80  °C 
to  -55  °C  and  the  second  from  -45  °C  to  10  °C.  This  relaxation  mode 
was  attributed  to  a  different  a  relaxation  event  directly  correlated 
to  segmental  motion  of  host  polymer  thus  witnessing  that  this 
mode  is  responsible  of  charge  transfer  mechanism  in  bulk  mate¬ 
rial.  Indeed,  the  activation  energy  of  a-2  is  close  or  lower  than  that 
of  ex dc.  In  V  a-1  shows  two  VTFH  behaviours  in  both  the  LT  and  MT 
regions,  with  activation  energies  coinciding  with  those  measured 
on  o dc  curves.  These  results  suggest  that  in  V  a-1  is  associated  to 
the  backbone  chain  dynamics  (Tgl )  correlated  to  the  charge  trans¬ 
fer  mechanism  in  bulk  material.  It  should  be  observed  that  the 
IL  embedded  in  bulk  materials  affects  negligibly  the  main  chain 
mobility  of  polymer  1.  Indeed,  a-1  of  V  :  (a)  is  detected  at  frequen¬ 
cies  slightly  lower  than  those  of  1 ;  (b)  presents  an  activation  energy 
very  close  to  that  of  1. 

In  the  LT  region  the  a-1  mode  of  2  and  2!  materials  shows 
Arrhenius-type  dependencies  on  temperature,  with  activation 
energies  lower  than  those  measured  in  the  <rdc  profiles  (Table  5). 
In  the  MT  region,  both  the  conductivity  and  a-1  relaxation  times 
show  analogues  VTF  and  VTFFI-type  dependencies  on  temperature 
with  activation  energies  values  and  ideal  glass  transition  temper¬ 
atures  (T0)  which  are  quite  coincident.  The  determined  T0  values 
are  50  °C  lower  than  that  of  the  ?g2  glass  transition.  On  this  basis  it 
can  be  hypothesised  that  the  a-1  mode  of  2  and  2!  is  associated  to 
the  relaxation  motions  corresponding  to  the  second  glass  transition 
temperature  of  the  materials  (Tg2 ).  Thus,  it  is  to  be  hypothesised  that 
for  temperatures  higher  than  Tg2  the  dielectric  relaxation  event  is 
strongly  correlated  to  the  charge  transfer  mechanism. 

In  the  LT  region,  the  a-2  of  the  2  and  2!  materials  show  VTFFI- 
type  dependence  on  temperature.  The  activation  energies  of  a-2 
mode  are  nearly  two  orders  of  magnitude  lower  than  those  deter¬ 
mined  in  crdc  values  while  the  T0  values  are  coincident  with  the  Tgi 
of  the  materials.  In  the  MT,  the  a-2  of  2  presents  on  temperature  a 
VTFH-type  dependence  which  is  substantially  parallel  to  that  of  a-1 
in  the  same  region.  In  addition,  in  2  the  values  of  activation  energy 
and  To  of  a-2  and  a-1  are  coincident.  With  respect  to  a-1  mode,  a-2 
was  attributed  to  the  segmental  motion  of  backbone  chains  having 
faster  relaxation  motions. 

Fig.  7  reports  the  dependence  on  the  reciprocal  of  temperature  of 
the  dielectric  strength  (As)  of  1, 1\  2  and  2 V  relaxation  modes.  It  can 
be  noticed  that  the  dielectric  strength  increases  as  the  temperature 
rises.  The  As  values  of  a-1  are  higher  than  those  of  a-2  relaxations 
and  similar  in  the  1  and  2  materials.  In  2\  the  IL  embedded  in  bulk 


Fig.  7.  Dependence  of  the  dielectric  strength  on  the  reciprocal  of  temperature  for  1, 
1  ,  2  and  2  . 


material  is  responsible  of  the  increase  of  the  As  values  for  both 
a  relaxations.  In  V  As  of  the  a-1  relaxation  is  close  to  that  of  1 
network. 

Taken  together,  all  these  results  allow  us  to  conclude  that: 

(a)  two  main-chain  dynamics  are  revealed  by  BDS  studies  in  both 
1  and  2  hybrid  networks,  associated  to  a-1  and  a-2  relaxation 
modes; 

(b)  the  a-1  event  in  1  and  2  is  detected  in  the  same  frequency 
range  and  it  is  correlated  to  the  charge  transfer  mechanism  of 
materials; 

(c)  the  effect  of  IL  on  the  a-1  mode  is  more  pronounced  in  1  mate¬ 
rial; 

(d)  with  respect  to  a-1,  the  a-2  event  is  revealed  at  higher  frequen¬ 
cies  and  is  not  diagnostic  of  IL  presence  in  bulk  materials; 

(e)  p  relaxation  is  found  in  materials  2  and  2'.  This  relaxation  mode 
was  attributed  to  the  butoxide  side  groups  of  the  hybrid  polymer 
network. 

In  summary  the  BDS  studies  above  described  are  in  accordance 
with  the  structural  hypotheses  proposed  on  the  basis  of  vibrational 
spectroscopy  investigations  and  DFT  calculations  and  allowed  us 
to  reveal  that  the  here  reported  hybrid  materials  are  promising 
systems  to  improve  in  order  to  obtain  materials  suitable  for  the 
development  of  electrochemical  devices  such  as  supercapacitors. 

4.  Conclusions 

This  paper  describes  the  preparation  of  two  new 
inorganic-organic  hybrid  materials  through  sol-gel  reactions 
with  formulas  [Zr(C605Hn)]  (1)  and  [Zr(Cn04H31)]  (2).  By  doping 
1  and  2  with  the  ionic  liquid  EMIm-TFSI,  the  hybrid  materi¬ 
als  V  and  2!  with  composition  [Zr(C605Hii)]i2/EMIm-TFSI  and 
[Zr(Cn04H3i)]i5/EMIm-TFSI  were  obtained.  Vibrational  studies 
allowed  us  to:  (a)  obtain  information  on  the  structure  of  1  and  2 
materials;  and  (b)  study  the  interactions  between  the  IL  and  the 
host  polymer  matrix  of  V  and  2!  materials.  Vibrational  results 
indicated  that  1  and  2  consist  of  hybrid  inorganic-organic  networks 
were  Zr  atoms  are  bridged  together  through  glycerol  molecules. 
The  DSC  and  CV  measurements  showed  that  the  prepared  materials 
are  thermally  and  electrochemically  stable  up  to  100  °C  and  4  V, 
respectively.  The  electrical  properties  of  1,  2,  V  and  2'  have  been 
analyzed  by  broadband  dielectric  spectroscopy  in  the  frequency 
and  temperature  ranges  10-2  Hz  to  10  MHz  and  -100  °C  to  +100  °C, 
respectively.  After  doping  with  EMIm-TFSI,  the  dc  conductiv¬ 
ity  of  2  increased  by  three  orders  of  magnitude.  The  values  of 
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conductivity  of  2!  and  2  at  25  °C  are  of  ca.  9.3  x  10_6Scm_1  and 
6.1  x  10_9Scm_1,  respectively.  In  V  network,  the  conductivity  is 
slightly  affected  by  the  concentration  of  IL  embedded  in  1.  BDS 
results  demonstrated  that  the  electrical  response  of  investigated 
hybrid  materials  are  modulated  by  a  and  |3  relaxation  phenomena. 
As  expected  the  electrode  polarization  phenomenon  resulted  more 
pronounced  in  2  than  in  1  material.  In  addition,  the  hybrid  system 
2',  obtained  doping  2  with  EMIm-TFSI,  is  a  promising  polymer 
electrolyte  to  improve  in  order  to  obtain  materials  with  thermal 
and  electrochemical  stability  and  good  conductivity  for  application 
in  ultracapacitors. 
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